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Nuclear spin ensembles in diamond are promising candidates for quantum sensing applications,
including rotation sensing. Here we perform a characterization of the optically detected nuclear-spin
transitions associated with the 14N nuclear spin within diamond nitrogen vacancy (NV) centers. We
observe nuclear-spin-dependent fluorescence with the contrast of optically detected 14N nuclear Rabi
oscillations comparable to that of the NV electron spin. Using Ramsey spectroscopy, we investigate
the temperature and magnetic-field dependence of the nuclear spin transitions in the 77.5−420K
and 350−675G range, respectively. The nuclear quadrupole coupling constant Q was found to
vary with temperature T yielding d|Q|/dT = −35.0(2) Hz/K at T = 297K. The temperature and
magnetic field dependencies reported here are important for quantum sensing applications such as
rotation sensing and potentially for applications in quantum information processing.
Quantum sensors based on nitrogen-vacancy (NV) spin
qubits in diamond are used in a number of sensing modal-
ities, including magnetometry, electrometry, and ther-
mometry [1–4]. Typically, the qubit used for sensing
applications is formed from the NV electron spin lev-
els due to their high sensitivity to environmental pertur-
bations. However, nuclear spins can be more suitable
for applications where sensitivity to magnetic noise and
temperature variations is undesirable, such as rotation
sensing [5–7]. Of particular interest are nitrogen nuclear
spins intrinsic to NV centers. These spins can be effi-
ciently optically polarized and read out via NV electron
spins.
Consider the example of using the intrinsic 14N nuclear
spins of an ensemble of NV centers for rotation sensing.
The 14N nuclear spins are prepared in a superposition
state and precess about their quantization axis with nu-
clear precession rate ω0. If the diamond rotates about
this axis with a rate ω, the nuclear precession rate in
the diamond reference frame is ω0 − ω. The minimum
detectable change in ω is given by:
δω ≈
1
C
√
ηNT ∗2 τ
, (1)
where C is the fractional contrast of spin-state-dependent
fluorescence, η is the photon-collection efficiency, N is the
number of interrogated spins, T ∗2 is the spin-coherence
time, and τ is the total integration time. From Eq. (1),
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it can be seen that intrinsic 14N nuclear spins offer an ad-
vantage over electron spins owing to their 103-fold longer
coherence time [8] at the same number density. Nuclear
spins also have the advantage of having a 103–104 times
smaller gyromagnetic ratio than electron spins, which
minimizes frequency shifts due to fluctuations in mag-
netic field.
A remaining challenge is to realize a high spin read-
out contrast, C, without introducing additional sources
of technical noise. One avenue that has been explored is
to use conditional microwave pulses to map nuclear spin
states onto NV electron-spin states [9–11]. This approach
was shown [8] to achieve a readout contrast C & 10−2,
approaching the contrast realized with NV electron spin
ensembles [4]. However, environmental influences, such
as magnetic field and temperature variations, affect the
electron-spin transition frequency, which limits the ro-
bustness of this technique [8].
Optical readout of the nuclear spin state can also be
accomplished directly without the use of microwave map-
ping pulses in the vicinity of the excited-state level an-
ticrossing (ESLAC) [8–10]. The advantage of this tech-
nique is that it directly provides information about the
nuclear spin states without precise knowledge of the elec-
tron spin transition frequencies. While this technique
was previously demonstrated, its readout contrast has
not been systematically analyzed.
In this work, we characterize the optical readout mech-
anism of 14N nuclear spin ensembles. We find that the
contrast of nuclear spin Rabi oscillations exceeds 2% in
a broad range of magnetic fields, from approximately 450
to 550G. Using Ramsey spectroscopy, we investigate the
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FIG. 1. (a) Energy levels of the NV center and its dependence
on the magnetic field B applied along the NV symmetry axis.
The interaction of the intrinsic electric-field gradient with the
quadrupole moment of the 14N nucleus (nuclear spin I = 1)
leads to a ∼ 4.94MHz hyperfine splitting in the mS = 0
ground-state manifold. In the presence of an applied mag-
netic field the mI = ±1 nuclear levels split. At ∼ 500G the
mS = 0 and mS = −1 levels within the excited state un-
dergo a level anticrossing (ESLAC) (b-d) Optical pumping
at the ESLAC leads to polarization of 14N nuclear spin in-
trinsic to NV center into the mI = +1 state. The mechanism
responsible for nuclear spin polarization leads to nuclear-spin-
dependent fluorescence. uorescence
temperature and magnetic-field dependence of the nu-
clear spin transitions. At 297 K, we find that the tem-
perature dependence of the nuclear quadrupole coupling
constant is d|Q|/dT = −35.0(2)Hz/K, which is about
2000 times smaller than the temperature dependence of
the NV electron-spin zero-field splitting D [12]. Our re-
sults hold promise for quantum sensing applications re-
quiring minimal magnetic field and temperature depen-
dence, including gyroscopes and clocks [13].
A schematic of the relevant energy levels and transi-
tions in diamond NV centers is presented in Fig. 1(a).
Application of light with wavelength shorter than that of
the zero-phonon line of the 3A2 →
3E transition (at 637
nm) induces optical polarization of the NV centers into
the mS = 0 sublevel of the ground electronic state [14].
If a magnetic field B is applied along the axis of the NV
center, the mS = ±1 sublevels of the ground and ex-
cited state experience a Zeeman shift. At B ≈ 500G
the mS = 0 and mS = −1 sublevels in the excited state
become nearly degenerate. This condition is referred to
as excited-state level-anticrossing (ESLAC). A peculiar
feature of ESLAC is that in its vicinity, electron polariza-
tion is effectively transferred to the nuclei, so that nearly
complete 14N polarization can be achieved in a relatively
wide range of magnetic fields [1, 15]. A transfer of elec-
tron spin polarization to nuclei is also observed at the
ground-state level-anticrossing in the vicinity of 1024G,
but this is not discussed in this work (see Ref. [17] and
references therein).
Nuclear spin polarization at the ESLAC mediated by
NV centers in diamond has been described, for exam-
ple, in Refs. [1, 9, 10, 15] and is only briefly summa-
rized here. Near the ESLAC, strong hyperfine coupling
in the excited state allows the energy-conserving electron-
nuclear-spin flip-flop processes to occur between coupled
electron-nuclear spin states, denoted |mS ,mI〉. Specifi-
cally, such processes can lead to flip-flops between |0,−1〉
and |−1, 0〉, as well as between |0, 0〉 and |−1,+1〉 states,
Fig. 1(b,c). Under optical illumination near ESLAC the
system is polarized into the |0,+1〉 spin state, Fig. 1(d).
The mechanism responsible for nuclear spin polariza-
tion leads to nuclear-spin-dependent fluorescence and
provides the means for direct nuclear spin optical read-
out. The polarized |0,+1〉 spin state produces maximum
fluorescence, because it is not affected by mixing in the
excited state and does not pass thought the dark singlet
states as often. As depicted in Figs. 1(b,c) respectively,
the |0,−1〉 and |0, 0〉 states undergo an electron-nuclear-
spin flip-flop process in the excited state which changes
their electron spin projection to mS = −1 and cause
them to pass through the dark singlet states, which re-
duces their fluorescence. The degree of mixing in the
excited state, and therefore the fluorescence rate is dif-
ferent for |0, 0〉 and |0,−1〉 states and depends on the
applied magnetic field [18].
We used a custom-built confocal-microscopy setup to
measure optically detected nuclear magnetic resonances
(ODNMR) in an ensemble of NV centers. The sample
used in our experiments is a [100]-cut high-pressure high-
temperature grown diamond with an initial nitrogen con-
centration of ∼ 50 ppm. NV centers were created by ir-
radiating the sample with 10MeV electrons at a dose
of ∼ 1018 cm−2 and subsequent annealing in vacuum at
800 ◦C for three hours.
The diamond sample was mounted inside a continuous
flow microscopy cryostat. Pulses of 532 nm laser light
(20mW, 20µs duration) were focused on the diamond
using a microscope objective with 0.6 numerical aper-
ture. Fluorescence was collected through the same ob-
jective, passed through a 650-800nm bandpass filter, and
3350 400 450 500 550 600
0
1
2
3
4
Nu
cle
ar
Ra
bi
co
nt
ra
st
,
C
(%
)
Magnetic field, B (G)
4.7 4.8 4.9 5.0 5.1 5.2
-2.0
-1.5
-1.0
-0.5
0.0
%
ch
an
ge
in
flu
or
es
ce
nc
e
Radio frequency (MHz)
0 50 100 150 200
-3
-2
-1
0 Rabi oscillations
%
ch
an
ge
in
flu
or
es
ce
nc
e
RF pulse duration tRF (ms)
C
0 5 10 15
0.98
1.00
1.02
1.04
1.06
Time (ms)
Fl
uo
re
sc
en
ce
(no
rm
iliz
ed
)
I|0,+1ñ I|0,0ñ
I|0,-1ñ
f1
f2
B =503 G
Laser Laser
RF RF( )f1
Polarization PolarizationReadout Readout
(a)
(e)
(b)
B = 503 G
|0,+1ñ
|0,0ñ
|0,-1ñ
f1
f2
tRF
FWHM 90 G»
(c)
(d)
(f)f1
FIG. 2. (a) Experimental pulse sequence used for ODNMR spectroscopy. (b) ODNMR spectrum obtained at a magnetic field
B = 503G. The inset illustrates the relative population of nuclear levels at this field. (c) Pulse sequence used to observe
nuclear Rabi oscillations. (d) Optically detected nuclear Rabi oscillations for the f1 transition. Symbols represent experimental
data, while solid line is exponentially-decaying sine-wave fit. C - oscillations contrast. (e) Fluorescence responses of the NV
centers initialized in |0,+1〉, |0, 0〉, and |0,−1〉 states at B = 503G. The vertical lines at the beginning of the traces show the
0.5µs readout time used in the experiments. (f) Contrast of Rabi oscillations between |0,+1〉 and |0, 0〉 states as a function of
the magnetic field B. Symbols represent experimental data that are connected with a gray solid line to guide the eye, while
the red solid line represents a Lorentzian fit with full width at half maximum (FWHM) of ∼ 90G. Five dips observed in the
magnetic field range between 490G and 535G are due to cross relaxation between NV centers aligned along the field direction
and substitutional nitrogen spins in diamond [19].
detected with a fiber-coupled Si avalanche photodiode.
Radio-frequency and microwave magnetic fields were de-
livered using a 100µm diameter copper wire placed on
the diamond surface next to the optical focus. A static
magnetic field B was applied along one of the NV axes
using a neodymium permanent magnet.
To perform ODNMR spectroscopy we applied a pulse
sequence illustrated in Fig. 2(a). The radio-frequency
pulse with a typical duration of 200µs was applied be-
tween optical pump and probe pulses and fluorescence
response of the system was recorded as a function of
the radio frequency. Figure 2(b) shows an example of
14N ODNMR spectrum recorded at a magnetic field
B = 503G. Two resonances were observed at frequen-
cies f1 and f2 that correspond to |0,+1〉 → |0, 0〉 and
|0,−1〉 → |0, 0〉 transitions, respectively. The amplitudes
of the resonances indicate a strong nuclear polarization
of the system into the |0,+1〉 state.
We used a pulse sequence illustrated in Fig. 2(c) to
resonantly drive the nuclear-spin transition with a radio-
frequency pulse of varying duration τRF . Figure 2(d)
shows an example of optically detected nuclear Rabi os-
cillations between |0,+1〉 and |0, 0〉 states, where C is the
contrast of Rabi oscillations.
We measured the fluorescence responses of the NV cen-
ters selectively initialized in the three nuclear-spin states
|0,+1〉, |0, 0〉, and |0,−1〉 at 503 G, Fig. 2(e). The |0,+1〉
state was always initialized first by optical pumping,
|0, 0〉 state was prepared through transferring the popu-
lation from |0,+1〉 state by applying a radio-frequency
pi pulse resonant with f1 transition, and |0,−1〉 state
was prepared by sequentially applying two pi pulses with
radio-frequencies f1 and f2 resulting in transferring the
population from optically pumped |0,+1〉 state.
To get a further insight into optical detection of nuclear
spin-states we performed a detailed study of a relative flu-
orescence responses for |0,+1〉 and |0, 0〉 states (f1 tran-
sition) as a function of applied magnetic field strength
near the ESLAC. Figure 2(f) shows the dependence of C
for the f1 transition as a function of the applied magnetic
field along the NV axis. The contrast of nuclear Rabi os-
cillations exceeds 2% from approximately 450 to 550G,
reaching its maximum value of ∼ 3.8% at ∼ 485G.
Nuclear-spin transition frequencies f1 and f2 were ex-
perimentally measured as a function of magnetic field
and temperature by implementing a Ramsey interferom-
etry technique. Figures 3(a,b) depict the pulse timing
diagrams for measuring f1 and f2, respectively. The
14N NV nuclear spins are either prepared in |0,+1〉 state
(to measure f1) or |0, 0〉 state (for f2). Subsequently, a
pi/2−τ−pi/2 pulse sequence is applied with the radio fre-
quency tuned near the expected nuclear spin transition.
The fluorescence is recorded as a function of τ and the re-
sulting Ramsey interference fringes Fig. 3(c) are fit to an
exponentially decaying sinusoidal function to reveal the
detuning δ of the transition f with respect to the pulse
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FIG. 3. (a,b) Experimental pulse sequences used to observe
nuclear Ramsey fringes for f1 and f2 transitions, respectively.
The radio-frequency pulse sequence pi/2−τ−pi/2 with a vari-
able time delay τ is applied between laser light pulses. RF1
and RF2 are detuned from the resonance frequencies f1 and
f1 by δ1 and δ2, respectively. pi pulse resonant with the f1
transition is used to prepare nuclear spins in |0, 0〉 state. (c)
Optically detected NV 14N nuclear Ramsey fringes for the
f1 and f2 transitions. Symbols represent experimental data,
while solid lines are exponentially decaying sine wave fits. The
oscillation frequency of the signal corresponds to detuning δ
from the resonance transition f , which is ∼ 5 kHz for the
presented data. (d) (f1 + f2)/2 and (e) (f1 − f2)/2B as a
function of B. Symbols are values determined from Ramsey
spectroscopy, solid lines are fits to Eqs. (2) and (3), respec-
tively.
radio frequency RF . From the fit to the Ramsey data,
which includes an exponential decay e−τ/T
∗
2 , we infer the
14N nuclear spin-coherence time T ∗2 . The experimentally
measured values of T ∗2 are in the range from 0.5 to 0.8
ms for all temperature and magnetic field ranges used in
this work.
We plot experimental values of (f1 + f2)/2 and (f1 −
f2)/2B as a function of magnetic field in Fig. 3(d) and
(e), respectively. Unlike for an ideal nuclear spin, these
values are not constant but, rather decrease with increas-
ing magnetic field strength throughout the studied field
range. This is due to mixing of the electron and nuclear
spin states via the transverse magnetic hyperfine inter-
action characterized by the constant A⊥. The average
value of the nuclear-spin transition frequencies, f1 and
f2 is described by [18]:
f1 + f2
2
=
∣∣∣∣Q+ A
2
⊥D
D2 − γ2eB
2
∣∣∣∣ . (2)
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FIG. 4. (a) (f1 + f2)/2 as a function of temperature at 484G
magnetic field applied along the NV axis. |Q| was determined
from the experimental data using Eq. (2). Solid line is a
forth-degree polynomial fit to Eq. (4). (b) Comparison of the
fractional shifts of |Q| andD as a function of temperature [18].
The effective nuclear gyromagnetic ratio is determined
from:
f1 − f2
2B
= γn
(
1−
γe
γn
A2⊥
D2 − γ2eB
2
)
, (3)
where γe and γn are the electron and nuclear gyromag-
netic ratios, respectively.
We fit the data plotted in Fig. 3(d) to the Eq. (2)
with the following parameters fixed: D = 2870MHz,
γe = 2.803MHz/G, A⊥ = −2.62MHz [20]. From the
fit we obtained the value of Q = −4.9457(3)MHz which
is in agreement with previously reported values [9, 10]
and represents an order of magnitude improvement in
precision. We use Eq. (3) to fit the data in Fig. 3(e) and
extract the 14N gyromagnetic ratio γn = 307.5(3)Hz/G.
The obtained value agrees with the literature data [21]
and confirms the validity of our theoretical model. Error
bars of Q represent the combination of statistical uncer-
tainty and the uncertainty in A⊥, while in the case of
γn, the main uncertainty is associated with that in the
magnetic field measurement [18].
Next, we measure f1 and f2 as a function of tempera-
ture and use Eq. (2) and D(T ) [18] to determine Q(T ).
5Figure 4(a) shows the experimentally measured values of
(f1 + f2)/2 and the inferred value of |Q| from Eq. (2) as
a function of temperature. |Q| is shifted from (f1+f2)/2
by ∼ 3 kHz and found to smoothly decrease by ∼ 10kHz
with temperature increasing from 77.5K to 420K.
We fit the experimentally determined |Q| data to the
forth-order polynomial function:
|Q(T )| =
4∑
n=0
anT
n. (4)
The fit values of the coefficients are: a0 = 4949.473kHz,
a1 = −9.32 × 10
−3 kHz/K, a2 = 9.2597× 10
−5 kHz/K2,
a3 = −4.6294×10
−7k˙Hz/K3, a4 = 3.983×10
−10 kHz/K4.
The temperature slope of the nuclear quadrupole cou-
pling constant Q at 297 K is d|Q|/dT = −35.0(2)Hz/K,
which is ∼ 2000 times smaller than the temperature de-
pendence of the zero-field splitting parameter D of elec-
tron spin transitions [12], which is dD/dT = −74.2(7)
kHz/K. A recent preprint [22] used a different technique
to infer a value of d|Q|/dT = −24(4)Hz/K that is lower
than our result, but with an order of magnitude larger
uncertainty.
We find that the fractional changes of Q and D as a
function of temperature match almost perfectly up to a
constant factor of 3.6 (see Fig. 4b). Thus, the qualita-
tively identical temperature variations of Q and D sug-
gest that they may arise from a common mechanism.
Such a mechanism that would cause similar changes in Q
and D is not obvious because Q and D arise from differ-
ent interactions that depend on different aspects of the
NV center’s electron orbitals. D arises from the mag-
netic dipolar interactions between the NV center’s two
unpaired electrons occupying its ex and ey molecular or-
bitals, which are exclusively composed of carbon atomic
orbitals. Whilst Q arises from the interaction of the 14N
electric quadrupole moment with the electric field gradi-
ent at the nucleus generated by the electrons occupying
the nitrogen’s pz atomic orbital directed along the NV
center’s axis.
The equivalent temperature variations of D and Q
present an interesting theoretical problem that will po-
tentially reveal new microscopic understanding of the NV
center. Accordingly, it should be pursued in the future
with ab initio calculations. The discussions presented
in [18] may serve as an intuition to guide those calcula-
tions.
In this work, motivated by the development of
diamond-based rotation sensors, we investigated the non-
linear temperature and magnetic field dependence of the
14N hyperfine spin transitions in an ensemble of diamond
NV centers. These measurements were enabled by a di-
rect optical readout technique (without the use of mi-
crowave transitions) optimized in this work. The fluo-
rescence contrast of nuclear Rabi oscillations depends on
magnetic field and reaches it maximum value ∼ 3.8% at
around 485G. Such a high contrast is comparable to that
of the electron-spin transitions.
From the magnetic field dependence of the frequencies
of the nuclear spin transition, we determine the values
of the nuclear quadruple coupling constant Q, and gyro-
magnetic ratio γn for NV
14N, which are in agreement
with the published values.
While the measured temperature dependence of the
nuclear-spin transition is smaller than the corresponding
dependence of the electron-spin transitions in both ab-
solute (by a factor of ∼ 2000) and relative (by a factor
of ∼ 3.6) measure, this temperature dependence can still
prove problematic for precision sensors. This dependence
can be further reduced by re-configuring the measure-
ment to sense the interval between the mI = ±1 levels
directly, in analogy with how this is done for electronic
states [23].
We also note that 15N nucleus does not have a
quadrupole moment and therefore there is no quadrupole
splitting. Relative advantages and disadvantages of using
15N vs. 14N centers for gyroscopic applications require a
separate consideration.
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1Supplemental material: Robust optical
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spin transitions in nitrogen-vacancy
ensembles in diamond
NV ground-state transitions
The relevant spin Hamiltonian of the NV ground state in
the presence of an axial magnetic field Bz can be written
as:
H = D
(
S2z −
1
3
S2
)
+ γeSzBz +Q
(
I2z −
1
3
I2
)
−
−γnIzBz +A‖SzIz +
A⊥
2
(S+I− + S−I+),
(S1)
where S and I are the dimensionless electron and nu-
clear spin operators, respectively, D is the zero-field elec-
tron spin-spin interaction, γe and γn are the electron and
nuclear gyromagnetic ratios, respectively, Q is the nu-
clear quadrupole coupling constant and A‖ and A⊥ are
the axial and transverse magnetic hyperfine constants.
Treating the transverse magnetic hyperfine interaction
as a perturbation, the nuclear spin Hamiltonian of the
mS = 0 manifold is to second order:
H0 =
(
Q+
A2⊥D
D2 − γ2eB
2
z
)(
I2z −
2
3
)
−
−γn
(
1−
γe
γn
A2⊥
D2 − γ2eB
2
z
)
IzBz,
(S2)
from which we can determine the average value of the
nuclear-spin transitions f1 and f2:
f1 + f2
2
=
∣∣∣∣Q+ A
2
⊥D
D2 − γ2eB
2
z
∣∣∣∣ (S3)
and the effective nuclear gyromagnetic ratio γeffn :
γeffn =
f1 − f2
2Bz
= γn
(
1−
γe
γn
A2⊥
D2 − γ2eB
2
z
)
. (S4)
These expressions are valid sufficiently far from the
ground-state level-anticrossing (GSLAC), where the term
with the resonant denominator is a small correction. We
also note in passing that the the vicinity of the GSLAC
is an interesting regime to study the temperature and
magnetic field dependence of A⊥, which will be a subject
of future work.
Nuclear-spin-dependent fluorescence
Figure S1(a) shows an averaged and normalized fluores-
cence responses (0.5 µs readout time) of the NV cen-
ters selectively initialized in the three nuclear-spin states
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FIG. S1. (a) Normalized averaged nuclear-spin states flu-
orescence responses (0.5 µs readout time) as a function of
magnetic field. (b) Nuclear-spin states fluorescence response
differences at the selected magnetic field strengths (thicker
lines: I|0,+1〉− I|0,0〉, thinner lines: I|0,−1〉− I|0,0〉). The verti-
cal lines at the beginning of the traces show the 0.5 µs readout
time used in the experiments presented in the main text.
of the mS = 0 manifold |0,+1〉, |0, 0〉, and |0,−1〉 as
a function of magnetic field. The fluorescence rate for
the |0,+1〉 state is the highest for the studied magnetic
field range, while the relative fluorescence rate for |0, 0〉
and |0,−1〉 states depends on the magnetic field strength.
The fluorescence rate for |0,−1〉 state is higher than
that for |0, 0〉 state at the magnetic field strength below
≈ 495G and it is lower at magnetic field strength above
≈ 495G. This relative fluorescence-response behaviour
reflects the degree of mixing in the excited state depend-
ing on the magnetic field. Figure S1(b) demonstrates dif-
ferences in the fluorescence responses for the selectively
initialized nuclear-spin states |0,+1〉, |0, 0〉, and |0,−1〉
at 503G, 484G , and 424G.
Magnetic field alignment and measurement
A static magnetic field, B was applied along the NV axis
using a neodymium permanent magnet mounted on a
three-axis translation stage. The alignment of the ap-
plied magnetic field was done by overlapping three NV
electron-spin resonances corresponding to the three NV
subensembles which are not aligned with the field. The
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FIG. S2. (a) Experimental pulse sequence used to obtain
ODMR signals. (b,c) Pulsed ODMR signals for the NV
subensmbeles aligned along the magnetic field B for mS =
0 → mS = −1 and mS = 0 → mS = +1 transitions, respec-
tively.
alignment of the B along the [111] axis is estimated
to be better than 0.2 degree. The electron-spin reso-
nances associated with the NV subensemble aligned with
B were used to determine the strength of the applied
field. Pulsed ODMR signals were recorded for both
mS = 0 → mS = −1 and mS = 0 → mS = +1 tran-
sitions Fig. S2. The duration of the microwave pi pulse in
the pulsed ODMR measurement was on the order of 2µs.
Each ODMR signal was fitted with the three Lorentzians
separated by 2.2 MHz. The relative amplitudes of the
Lorentzians fit indicates the high degree on nuclear spin
polarization >95% even at ≈150G away from the ES-
LAC. We used the fit values of the central Lorentzian
frequency for both transitions f− and f+ to determine
the strength of the magnetic field:
B =
f+ − f−
2γe
, (S5)
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FIG. S3. Experimental values of zero-field splitting D as a
function of temperature.
where γe = 2.803MHz/G. We estimate the statistical
uncertainty of the magnetic field measurement to be bet-
ter than 0.1G. Nevertheless, the drift of the magnetic
field during the nuclear Ramsey measurements can intro-
duce a systematic uncertainty in B. This magnetic field
drift associated with the permanent magnet’s sensitivity
to the ambient temperature fluctuations represents the
main source of uncertainty in the measurement of the
nuclear gyromagnetic ratio γn. We estimate the maxi-
mum systematic error introduced by the magnetic field
drift to be less than 0.3G. In the ODMR signal we also
observe polarization of the 13C nuclear spins proximal
to the NV centers with hyperfine interaction strength of
1314MHz [S1].
Temperature dependence of D
Figure S3 shows the experimentally measured values ofD
as a function of temperature for a diamond sample similar
to that used in the present work ([N]≈ 50 ppm, [NV]≈
16 ppm) in the range from 5 to 390K. These results were
obtained employing a standard ODMR technique. The
data for the temperature range from 5 to 300K were
published in [S2], while the rest of the data remained
unpublished. We use this data to plot the fractional shift
of D in Fig. 4(b) of the main text in the range from 90
to 390K.
D(T) vs. Q(T)
To find some link between D and Q, we need to also
consider how D depends on individual atomic orbitals.
As shown in Ref. [S3], D is approximately determined by
the separation of the mean positions of electrons in the
dangling sp3 carbon orbitals around the vacancy. These
mean positions depend on the carbon lattice positions
and the sp-hybridization of their dangling orbitals. The
lattice positions and hybridization are correlated because
if the carbons move relative to their nearest-neighbors,
3then their atomic orbitals must rehybridize to maintain
bonds with those neighbors (this is often called bond
bending). The same is true of the hybridization of the
nitrogen atom’s orbitals and so the occupation of the ni-
trogen’s pz orbital is correlated to the nitrogen’s lattice
position. Thus, D and Q are linked if there is a com-
mon displacement (up to a proportionality factor) of the
carbon and nitrogen atoms around the vacancy.
As shown in Ref. [S2], the temperature dependence
of D has two contributions: thermal expansion and
quadratic electron-phonon interactions. These contribu-
tions are generalizable across the different types of res-
onances of the NV center (i.e. visible and infrared) [S2]
and so also expected to govern the temperature depen-
dence of Q (although in that case it will be nuclear-
phonon interactions). Both of these contributions repre-
sent lattice displacements: either static (thermal expan-
sion) or dynamic (interactions with phonons). Hence,
if there are common displacements of the nitrogen and
carbon atoms then this may result in the qualitatively
identical temperature variations of D an Q.
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